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CHAPTER I

INTRODUCTION

A. Introduction to Botrytis cinerea
Botrytis cinerea is a necrotrophic fungal species that has gained wide prominence
in recent years for its acute phytopathogenic behavior on crop plants. It is a widespread
fungus belonging to division Ascomycete and family Scerotiniaceae [1] and is known to
cause 'Gray-mold rot' or 'Botrytis bunch rot'. Over 230 varieties of plants are known to be
hosts of infection across the globe. Hosts range from vegetative and fruit crops to shrubs,
trees, flowers and weeds. Some of the more significant varieties include grapevine,
tomato, cucumber, strawberry, cut flowers, bulb flowers and ornamental plants [1-2]. In
the United States alone, crop losses are estimated at 2 billion dollars per year, despite 1520 million dollars being spent on anti-botrytis products. Significant losses across the
globe include 15-40% loss of total vineyards in France, 20-25% loss of strawberry crops
in Spain, and 20% of cut flowers in Holland. Loss attributed to B. cinerea fungal damage
is about 20% of total crop loss across the globe [3-4].
B. cinerea infection is a severe problem where grapes are grown. Ripening
grapes are affected by a rot, which later spreads to whole clusters. Under sufficiently
humid conditions, Botrytis may cause grinding lesions by sporulation and result in
premature cluster drop. There is however, one advantage of this fungus. If winemakers
1

harvest grapes at the right time, when the fungus shrinks the grapes, dehydrating them
and increasing their concentration of sugars and acids, these grapes give rise to a very
fine and sweet wine called ‘Noble rot’[5]. This is also mixed in combination with
different ice wines and that adds sweetness to them. Noble rot, also called Bordeaux wine
revolution, led Bordeaux to develop some of the world’s greatest wines. Bordeaux is the
largest wine growing region in France, with about 120,000 hectares of vineyards [6].

B. Life Cycle of Botrytis cinerea
The disease cycle of B. cinerea is usually carried out in 3-4 days depending on the
host attacked. It involves attachment of conidia, germination, differentiation of infectious
structures, penetration and killing the host. The conidia of B. cinerea are ubiquitous in air
and carried by wind on to plant parts. After conidia germinate, they attach firmly on the
hydrophobic plant surface and hyphae penetrate into the surface killing the surrounding
cells along the germ tube. Germination of conidia usually happens quickly if the surface
is already wet or if the climatic conditions are relatively humid (>93% RH). Also, release
of exogenous ethylene by some plants such as strawberry, tomato, cucumber and rose
plants during fruit ripening stimulates conidial germination and initiation of infection [7].
Penetration through host surface occurs through swollen hyphal tips of germ tubes which
form appresorium-like structures. Invasion of B. cinerea into plant tissue causes changes
in plant tissue metabolomics and results in nuclear condensation, plant membrane
damage and programmed cell death of the cells surrounding hyphae. The phytotoxic
activity surrounding this cell death may be due to 'factors' (phytotoxic proteins) that B.
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cinerea releases after entering tissue such as proteins or low molecular weight
compounds [4].

Fig 1: The life cycle of B. cinerea is illustrated for a strawberry infection. Conidiophores
(A) are sources of dry conidia (B) that travel through air and infect blossoms and leaves
of young plants (C). Direct infection of fruit (D) is also possible. After the season, B.
cinerea overwinters in the rotten debris (E) to start growing again when conditions are
favorable. Hyphae (F) give rise to conidiophores. Figure modified from [3].
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C. Stages in Fungal Infection
The initial development of lesions causes plant defense systems to activate, which
includes accumulation of Pathogen Resistant (PR) proteins and phytoalexins (fungitoxic
and fungistatic compounds). At this point, infection is said to enter ‘quiescent’ phase
where plant defenses try and block further lesion development temporarily for a few
weeks. Virulence effects continue thereafter, following detoxification of plant defense
compounds by B. cinerea [4]. This ability of fungi to gain resistance and evade chemical
defense was extensively studied in Vitis phytoalexins, resveratrol and pterostilbene.
Degradation of these phytoalexins is due to laccase mediated oxidation, an enzyme
produced in B. cinerea and whose activity is reported to increase rapidly after conidia
germination [8]. Finally, lesions continue to develop and spread throughout the tissue
causing it to macerate. Fig 2 shows overall infection strategy of B. cinerea.

4

Fig 2: Different stages in the infection process of B. cinerea. The box represents host
tissue. Figure adapted from [4].
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D. Secretory Substances in B. cinerea
Proteome analysis of B. cinerea identified various secretory substances released
by the fungus that facilitate infection and spread of disease. The prominent ones
identified so far are polygalacturonases, phosphatidyl ionositol transfer proteins and
cerato-platanin (CP) type proteins. Polygalacturonases are reported to play a role in
hydrolyzing pectin present in the cell wall of plants, which may help in penetration of
fungal components into the plant cell. Phosphatidyl inositol transfer proteins are
detoxification enzymes with no known virulence effects. Proteins of prominent
importance for B. cinerea infection are CP type proteins Snod1and Snod2 [7-8]. The
families of CPs are known to possess virulence and pathogenic potential for to both
plants and humans. CP proteins are ~120 amino acids and are characterized by four
cysteines that form two disulfide bonds. Snod1 is identified as 12.0 kDa and Snod2 as
13.2 kDa with 119 and 137 amino acid residues, respectively. Both proteins show CP
characteristics with four cysteines and two conserved disulfide bonds. Snod1, being the
first member secreted, is shown to accumulate in very high quantities and is reported to
be the first factor to initiate infection [9-10]. Phylogenetics and sequence alignment show
that Snod1 exhibited high similarity with other members of the CP class with the lowest
homology of 38% with CP from Ceratocystis frimbiata and highest of 58% with Epl1, a
CP from Trichoderma atroviride (from the studied subset) [9]. Other secreted
components from B. cinerea are known to have no or little phytotoxic activity, but are
expected to assist virulence of fungus during its invasion [9-11].

6

E. Characteristiscs of Ceratoplatanins
CPs are known to elicit hypersensitive responses and production of
phenols/phytoalexins in their hosts [12]. Various phytoalexins resulting from action of
other CP related proteins have been identified, such as umbelliferone and glyceollin from
plane leaves (Platanus acerifolia) and soya-bean, respectively, elicited by CP from
Ceratocystis frimbriata [13]. Enhanced expression of defense-related genes and
accumulation of defense compounds after infection with CPs are being studied for most
of these proteins. Understanding the pathway of cell death and identifying binding
partners would help in designing drugs against these fungal pathogens. Solving a highresolution structure for this class of proteins would greatly help in identifying proteinprotein interactions, carbohydrate binding properties and binding partner interactions.
An interesting characteristic of CPs is that they are similar to hydrophobins with
about 40% hydrophobic residues in their core structure. CPs tend to form soluble
‘ordered aggregates’ during pathogen-host interaction. It is also proved that, one of the
CPs from C. fimbriata, in aggregated form is found to have a more profound effect on
plant leaves than soluble CP [13-14]. This property might prevent solving the structures
of related proteins from CP family, since aggregation would lead to heterogeneous
oligomerization. To date, only one structure for this class of proteins has been solved,
that of CP from Ceratocystis frimbriata [15].

F. Plant Responses to Ceratoplatanins
Ceratoplatanins are known to cause hypersensitive response (HR) symptoms such
as cytoplasm shrinkage, electrolyte leakage and programmed cell death [5, 8]. CP from
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Ceratocystis triggers defense responses through a pathway of microbe/pathogen
associated molecular patterns (PAMP) that lead to cell wall alterations, generation of
reactive oxidative species (ROS), mitogen-activated protein kinase cascades (MAPK) and
phytoalexin accumulation [16]. MAPK cascade activation causes induction of genes that
produce anti-pathogenic and anti-microbial properties [17]. Production of reactive
oxygen species (ROS) or oxidative burst is an early and important event indicating the
recognition of pathogen by plant and increased H2O2 production. Nitric oxide (NO) is
also reported as a signaling molecule that triggers hypersensitive response (HR) in plants
[16, 18]. However, the pathway of NO accumulation is not yet known, but it is
anticipated that both H2O2 and NO work in conjunction during HR and programmed cell
death and trigger MAPK activation and release of phytoalexins [16]. Furthermore, initial
production of H2O2 was identified to have developed in guard cells and spread from
stomata to other epidermal cells. Stomatal openings are considered sites of microbial
entry and pore closure is a spontaneous phenomenon by plant defense systems. CP
induced stomatal closure in Arabidopsis leaves and identification of H2O2 at the level of
guard cells was extensively studied by Gonzalez et al. [19]. It has also been identified
that CP induces the expression of disease-related salicylic acid, ethylene signaling genes
and phytoalexin camalexin biosynthesis in A. thaliana plant leaves [19].

G. Pichia pastoris Yeast Recombinant Protein Expression System
The foremost approach to studying the functionality of any protein is to clone and
express it in a suitable expression system. E. coli is the most commonly employed system
for recombinant expression of foreign genes. However, bacterial expression systems
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possess problems with protein post-translational modifications and folding. Previous
attempts to express and purify CP from Ceratocystis and Snod1 protein from B. cinerea
in E. coli led to misfolding and huge loss of protein due to precipitation [9, 10].
Therefore, a search for expression systems that post-translationally modify proteins and
secrete them extracellularly was started. Pichia pastoris solves this problem. It is
inexpensive, easy to work with, capable of post-translational modification and produces
10-100 times more heterologous proteins than the E. coli system [20]. Pichia is
methylotrophic yeast that is capable of surviving with methanol as the sole carbon source.
The enzyme alcohol oxidase (AOX) in the peroxisome causes oxidation of methanol to
formaldehyde in the presence of atmospheric oxygen. It is capable of generating two
types of phenotype, Mut+ and Muts depending on need of expression and yield. Both of
the phenotypes are known to produce high levels of protein expression. However, it is
observed that Muts utilizes methanol slowly and produces more recombinant protein than
Mut+ in shake flasks [21]. Pichia transformation vectors are equipped with secretory
pathway genes, where the presence of a signal sequence associated with the gene of
interest drives the expressed protein through the pathway into culture supernatant [20].
This is an added and an exclusive advantage to recombinant protein production since, not
all the proteins in Pichia are secreted and this step serves as an initial purification step to
isolate the protein of interest from rest of the intracellular proteins.

H. Transgenic Plant Approaches to Counter CP Infections
Transgenic plants constitute a major breakthrough in the field of Plant
Biotechnology for improving crop yields. Different types of transgenic plants have been
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developed that can withstand severe climatic conditions. The process starts with inserting
a foreign DNA (a transgene) with a suitable carrier into a plant cell. Such gene insertion
could increase plant resistance and survival rate, productivity, yield of the entire crop and
pest-salt-heat-cold tolerance. Plants overexpressing foreign transgenes are reported to
show enhanced disease resistance toward bacterial, fungal and viral invaders [20-21].
MgSm1 from Magnaporthe grisea was the first CP transgenically expressed in A.
thaliana. It was observed that transgenic plants showed enhanced resistance toward B.
cinerea spores. Gene expression analysis also indicated upregulation of defense related
PR-1, PR-5 and PDF1.2 genes in MgSm1 infiltrated transgenic plants. The gene construct
was developed using low level expression DEX (Dexamethasone) inducible promoter in
pINDEX3 binary vector system [22].
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CHAPTER II

MATERIALS AND METHODS

A. Cloning and Expression of Snod1 in Pichia pastoris
Snod1 was initially cloned into pGemTEasy vector after being amplified from
fungal genomic DNA and transformed into E. coli. In order to express Snod1 in higher
quantities than in a bacterial system [9], Pichia system was chosen and Snod1 was cloned
into a Pichia expression vector pPic9k between EcoRI and NotI sites with a signal
sequence that controls the protein secretion into media. For transformation into Pichia
competent cells, pPic9k vector containing Snod1 gene was digested with BglII restriction
endonuclease and run in agarose gel and extracted. Digestion with BglII generates Muts
phenotype that has slow expression of Snod1 in Pichia pastoris GS115 strain. The gel
extracted fragment was transformed into Pichia competent cells using electroporator
Gene Pulser II (Bio Rad, Hercules CA, USA). A control was also developed which
contained only an empty vector pPic9k without the Snod1 gene and transformed into
Pichia.
Pichia competent cells were prepared according to the procedure specified in
Pichia Expression manual (Cat. no. K1750-01, Invitrogen, CA, USA). The cells were
grown overnight in 5 ml of Yeast Peptone Dextrose (YPD) medium at 30˚C. 0.5 ml of the
overnight culture was inoculated into 200 ml of fresh medium and grown until the OD600
11

reached 1.6. Cells were centrifuged at 1,500 x g for 5 min at 4˚C and the pellet was
resuspended in 200 ml of ice-cold sterile water. After resuspension, this solution was
centrifuged again at 1,500*g for 5 min and the pellet was resuspended in 100 ml ice-cold
sterile water. After centrifuging the solution for 5 min at 1,500*g for the third time, the
pellet was resuspended in 8 ml of ice-cold 1 M sorbitol. Cells were centrifuged at
1,500*g and the pellet was resuspended in 0.4 ml of ice-cold 1 M sorbitol to a final
volume of ~1 ml. Cells were stored as 80 µl aliquots at -80˚C.
For electroporation, 80 μl of cells were mixed with 5 µg (0.13 µg/µl) of linearized
Snod1 in pPic9k and transferred into an ice-cold electroporation cuvette. After incubation
on ice for 5 minutes, these cells were pulsed in electroporation device. This was
immediately followed by addition of 1 ml of 1 M ice-cold sorbitol and then transferred to
a microcentrifuge tube. 50 µl of cell suspension was streaked on Regeneration Dextrose
(RD) media plates and incubated at 30 ˚C until colonies appeared.
PCR screenings on multiple colonies were performed for clone confirmation. A
single colony was resuspended in 10 µl of water and 10 µl of lyticase enzyme was added.
The mixture was incubated for 10 min at 37 ˚C and then frozen to -80 ˚C for 10 min. A 5
µl aliquot of the suspension was taken as the DNA template and 5’AOX and 3’AOX
primers were used for amplification.
Primers used for clone confirmation:
5' AOX

5' GACTGGTTCCAATTGACAAGC 3'

3' AOX

5' GGCAAATGGCATTCTGACATCCTC 3'

12

The positive screened colonies were scraped and grown in YPD media and stored
at -80 ºC glycerol stocks.

B. Expression of Snod1 in Pichia pastoris
Snod1 was expressed using colonies of Pichia confirmed to contain the gene of
interest. YPD, Buffered Minimal Glycerol medium (BMG) and Buffered Minimal
Methanol medium (BMM) were employed for the growth of P. pastoris and expression
of Snod1, respectively. All the media components were prepared according to Pichia
Expression Manual.
A 10 ml starter culture in YPD medium was started with a streak from glycerol
stock. The cells were allowed to grow overnight at 30 ˚C and transferred to 1 L BMG
medium the next morning. This culture was grown at 30 ˚C until the OD600 reached ~6.0.
Once the cells reached the required density, the culture was centrifuged and the cell pellet
was resuspended in 100 ml of BMM medium. The induction medium contained methanol
at a final concentration of 0.5% of the culture volume and was maintained throughout the
expression by periodical addition every 24 hrs. The control pPic9k in Pichia was
expressed under the same conditions as those of Snod1. The total expression period was
10 days, with samples collected from both cultures on a regular basis to analyze
expression pattern.

C. Separation of Snod1 from Culture Supernatant
As Snod1 expresses as an extracellular, soluble protein secreted by Picha
pastoris, conventional cell lysis steps were unnecessary. Culture supernatant, which
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contains Snod1, was clarified of the cells by centrifugation after 10 days and cell pellets
were discarded.

C.1 Desalting with Sephadex
G25 gel filtration media were employed for removing small molecular weight
components and salts from the culture supernatant containing Snod1. G25 Sephadex
separates molecules of 5000 Da size. Snod1 that is 15kDa with his-tag and thrombin
cleavage site passes the beads and elutes out first.
To pack the column (23.5 cm length X 1.5 cm diameter), 2 g of beads in the form
of dry powder were weighed and suspended in 10 ml of sample operating buffer, (20 mM
potassium phosphate, pH 6.0) and allowed to swell overnight. The swollen beads were
then degassed to remove any air bubbles. Initially, about 20 column volumes of buffer
were passed through for equilibration. The void volume was 10 ml and the sample
volume was adjusted to ~5ml before loading. The column was operated with gravity flow
equipped with UV detector and chart recorder. Fractions were collected according to
peak detection at UV280 and analyzed on SDS-PAGE.

C.2 Purification with High Performance Liquid Chromatography (HPLC)
The 100 ml culture supernatant was concentrated after harvest (Millipore
3000MWCO centrifugal filter units, Goettingen, Germany) to less than ~5 ml for loading
on to reverse phase HPLC. The supernatant was passed through a sterile filter (0.22 μm)
to remove any cell debris or precipitate after concentration. The supernatant was
fractionated in a C4 (Bio-Rad) column with gradient elution of 0-90% water/acetonitrile
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+ 0.05% (v:v) trifluoroacetic acid. 1 ml fractions were collected and analyzed using SDSPAGE for presence of Snod1. Fractions containing Snod1 were pooled and dialyzed
against 20 mM Tris-HCl, pH 7.0 before protein was used for functional assays.

C.3 Purification with SP Sepharose Cation Exchange
Pre-swollen SP Sepharose FF beads (SigmaAldrich, St. Louis, MO, USA) were
used to pack a column with 20 mM Sodium citrate, pH 3.0 equilibration buffer. The
culture supernatant (100 ml) was dialyzed against equilibration buffer without salt before
loading onto the column. The elution gradient was controlled between 0-500 mM
salt/sodium chloride concentration and fractions were collected according to peaks in the
chromatogram and analyzed in SDS-PAGE. The Snod1 containing fractions were pooled
and dialyzed against 20 mM potassium phosphate buffer, pH 6.0 for plant assays.

D. Plant Assays with Tomato, Tobacco and Arabidopsis
Plants were generated from seedling stage in a grow tent (Agromax, PA, USA),
which was 51.5” wide x 22.5” deep x 48.5” tall with exterior wall made up of black
ballistic nylon and an interior with highly reflective weather proof silver lining. It was
equipped with a 4 foot, 4 bulb T5 light fixture, exhaust fan, circulation fan, thermometer,
and humidity control meter. Light intensity was controlled with shade cloths for different
types of plants. Seeds were sowed in Miracle Grow potting mix in a 6” x 6” pots. Tomato
(Solanum lycopersicum) and tobacco (Nicotiana tabacum) were grown in 10-12 hours
light per day and Arabidopsis was grown in 16 hours light per day. Leaf infiltration
assays were performed on two month old leaves using 31 gauge sterile needle syringes to
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infiltrate Snod1 into mid-veins on the underside of the leaves. On tomato plants, both
attached and detached leaf assays were performed to test the phytotoxic activity of
Snod1. For a detached leaf assay, the leaves were placed in a moist chamber and the
spread of lesions post infiltration was noted with camera images. All the experiments
were performed with controls for background observations.

E. Growth of Arabidopsis thaliana
Arabidopsis thaliana were grown, with help from Dr. Leland Cseke, in a
controlled growth chamber at low intensity light for about 16 hrs a day with 50%
humidity inside the chamber. The soil media was Metromix 350 and Arabidopsis were
grown in seed trays with standard 6 pack (6 cells per pack, 2” x 2.25” x 3.25” cell size)
inserts in a humidity controlled hood with shade cloth and pest management (Hummert
International, MO, USA). The soil was autoclaved before seed sowing. It took about a
week and half for germination and about a month and half for working leaf size. After a
total of about 8-10 weeks, seeds were collected in specialized seed collection devices.
After growing the first lot, the same environmental conditions as those of growth
chamber were employed inside the Agromax growth tent by using shade cloths to
decrease light intensity, and increased duration to the same 16 hrs as in the growth
chamber. A light intensity meter was employed to adjust the intensity to that of the
growth chamber. With the help of the humidity meter, the humidity inside the tent was
increased to as high as 50% by using water tubs. These conditions, however, decreased
the growth of tomato plants, but Arabidopsis grew to the stage of collecting seeds. At the
age of about two months, the leaves reached optimal size for experimentation.
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CHAPTER III

RESULTS AND DISCUSSION

A. Optimization of Culture Cell Densities for Higher Secretions of Snod1
Since P. pastoris cultures are known to grow at very high densities and produce
recombinant proteins at very high quantities, culture cell densities were increased to
allow and observe higher production of recombinant Snod1. Snod1 secretion levels
increased tremendously after inducing the cultures at OD600 ~6.0 from OD600 ~2.0. Fig. 3
shows difference in Snod1 expression in terms of band intensities in two gels induced at
lowest and highest OD600’s.
The level of protein secretion at two different cell densities was identified with
respect to band intensities using ImageJ software. The SDS-PAGE gels after the run were
stained, destained and scanned into .jpeg formats. Each band is represented in the form of
a peak in ImageJ depending upon its intensity in the gel. Subsequently, area under each
peak was measured using the software. The average band intensity on OD600 2.0 was 1.7
times more than at OD600 6.0.

17

kDa

35
15

kDa

35

15

Fig. 3: (Top) OD600 ~6.0 induced cultures of Snod1. Samples were taken on last 4 days of
expression and heat denatured. Lane 1 is low molecular weight marker, lanes 2, 3, 5 and
6 are Snod1 on days 7, 8, 9 and 10 and lanes 4 and 7 are pPic9k controls on days 7 and 10
respectively. (Bottom) OD600 ~2.0 induced culture of Snod1 with samples taken on the
last 4 days of expression and heat denatured. Lane 1 is low molecular weight marker;
lanes 2 and 7 are pPic9k controls on days 7 and 10, lanes 3, 4, 5 and 6 are Snod1 samples
on days 7, 8, 9 and 10 respectively. The bands of culture induced at higher cell density
showed more intense protein than that induced at lower density.
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B. Snod1 Oligomerization
Snod1 is a hydrophobic protein 119 amino acid residues with ~45% hydrophobic
residues. It is characteristic of CP type proteins exhibiting self-assembly and aggregation.
SDS-PAGE of Snod1 during expression showed 35 kDa after SDS denaturation, whereas
heat denaturation at 70 ºC for 15 minutes in the presence of SDS showed a 15 kDa
protein. After observing two different sizes at different denaturing conditions, Snod1
seems to develop into an oligomer in the culture supernatant which appears resistant to
SDS denaturation. Fig. 4 shows Snod1 expression gel at both denaturing conditions.
Subsequently, experiments were carried out to understand if this property is natural or
induced due to culture conditions. Interestingly, pH was found to influence aggregation.
At a pH above pI of Snod1, SDS resistant oligomerization was observed. At a pH below,
SDS was sufficient to separate Snod1 into monomer on SDS-PAGE.
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Fig. 4: Snod1 with and without heat denaturation on SDS-PAGE. Lane 1 is low
molecular weight marker, lanes 2 to 6 are SDS denatured, and lane 7 is SDS and heat
denatured at 70 ⁰C for 15 min. As evident from the gel, Snod1 appears to form higher
order aggregates in solution during expression.
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Since Snod1 expression was carried out for 10 days in shake flasks, one of the
culture conditions that tends to change rapidly was the pH. After 36-48 hours of
induction, the pH dropped from initial 6.0 to ~3. At lower pH, in the presence of SDS,
Snod1 was a monomer on SDS-PAGE. The gel analysis showed a monomer band without
heat denaturation. For the optimal survival and growth of P. pastoris, pH 6.0 is
recommended [18-19, 23]. When the change in pH from 3.0 was adjusted back to its
normal at pH 6.0, the samples of Snod1 collected before and after pH adjustment show
Snod1 immediately changed back to an oligomer in SDS-PAGE with no heat
denaturation. Figs. 5, 6 and 7 show gel analysis of P. pastoris cultures at different pH’s,
and with and without heat denaturation of Snod1 for SDS-PAGE. The protein at pH 3.0
on a particular day during expression period had the same size to that of a heat denatured
sample at pH 6.0, in the presence of SDS.
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Fig. 5: Two 25 ml cultures of Snod1 and one 25 ml culture of control pPic9k were
simultaneously tested to determine pH effects on Snod1 during the first two days of
expression in BMM media. 1st lane is marker, 2, 3 & 4 lanes show pH 3.0 cultures of
Snod1 and pPic9k control without heat denaturation and 5, 6 & 7 lanes show same
samples with heat denaturation. This gel indicates that Snod1 is monomer in SDS at pH
3.0.
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Fig. 6: Cultures of Snod1 and pPic9k control during expression days 2 and 3 with
different pHs. Lane 1 is low molecular weight marker, lanes 2, 3, 4 and 5 are cultures at
pH 3.0 and lanes 6, 7, 8 and 9 are cultures at pH 6.0. The respective lanes are labeled
above. No sample is heated in this gel. Snod1 on day 2 and 3 at pH 3.0 showed monomer
band and after adjusting pH to 6.0 changed into a higher order at ~35 kDa. This led to a
speculation if Snod1exists as a monomer in in solution in the presence of SDS at acidic
pHs.
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It is interesting to note that in some gels such as Fig. 6 lane 6 (also in Fig. 3 lane
7), there are two bands in the same lane, one at 35 kDa and the other at 15 kDa, and the
samples were only SDS denatured without heat. This indicates that SDS was able to
partly denature Snod1. In a SDS-PAGE, SDS acts as a detergent, denatures the protein’s
secondary and tertiary structure and imparts negative charge [24]. Additionally, in
hydrophobic proteins that aggregate, SDS-protein binding may be hindered by
competition from protein-protein binding as it reduces the interaction of SDS with the
protein. This reduced interaction leaves the protein, partially denatured. Given that
protein is highly hydrophobic and belongs to a class of proteins that aggregate, SDS
being a strong detergent was unable to remove oligomerization for Snod1. Snod1
aggregates and self-assembles that causes it to remain in a higher order oligomer form in
solution at pH 6.0.
From Figs. 5 and 6, after observing such pH effects on Snod1, a gel was run for
protein samples kept at different pH's over a range from pH 3.0 to pH 7.5. Fig. 7 shows
gel picture of Snod1 size at different pH values without any heat denaturation. There
were only two sizes observed, 15 kDa at pH below pI, and 35 kDa at pH above pI with
reversible aggregation with oligomer at pH 7, monomer at pH 3 and again an oligomer at
pH 7.
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Fig. 7: Changes in Snod1 oligomerization state with changes in pH. Lane 1 is low
molecular weight marker; lanes 2 to 13 show Snod1 at different pHs. The protein was
found to exist in two forms: at 15 kDa below pH 4.5 and at 35 kDa above pH 4.5. None
of the samples were heat denatured. The calculated pI is 4.6.
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From Fig. 7, it can be inferred that Snod1, pI 4.6, exists as a monomer at a pH
below its pI. At a pH greater than pI, Snod1 forms a higher order oligomer. This indicates
that a net negative charge of the protein causes self-assembly and oligomerization due to
an electrostatic interaction.

C. Desalting Oligomer form of Snod1
The P. pastoris culture supernatant is reported to contain very high levels (about
80%) of recombinant protein with very low amounts of endogenous secreted proteins
[23]. This can also be verified through the gel results above, where in any single gel;
there are no other bands than those of Snod1 at 15 kDa and 35 kDa. Another observation
with P. pastoris cultures is that they are characteristically yellow-green in color. This is
attributed to small AOX peptides which are reported to be secreted during prolonged
periods of expression [25]. In order to separate these small peptides and other media
components from the protein of interest, a Sephadex G25Medium Desalting column was
employed. The sample was concentrated 20 fold to 5 ml and run over the column.
Desalting was effective enough in separating the molecules that render the yellow-green
color to the supernatant from Snod1. The final protein was a colorless Snod1. This
protein was further used for plant assays. Fig. 8 shows a chromatograph of Snod1 with
control pPic9k in the desalting column. Snod1, being a large molecule elutes first,
followed by lower molecular weight compounds as a second peak. The background,
pPic9k control shows only one peak, which is devoid of Snod1. Fig. 9 shows SDS-PAGE
analysis of desalted samples.
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pPic9k peak
No protein

No protein
(Peak 2)

UV280

UV280

BcSnod1
(Peak 1)

Time

Time

Fig. 8: Snod1 and pPic9k control with G25M desalting. The graph on left shows two
peaks with Snod1 separated and on the right pPic9k without the Snod1 peak.
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Fig. 9: SDS-PAGE showing G25M Sephadex desalting column peak samples. As labeled,
lane 1 is low molecular weight marker, lane 2 is Snod1 load, lane 3 is wash, lane 4 is
peak 1 (showing Snod1 at 15 kDa) from the chromatogram, lane 5 peak 2, lanes 6 is
wash, lane 7 is pPic9k load and lane 8 is the pPic9k peak. From the gel, the first eluted
peak is Snod1. All the samples are SDS and heat denatured, arrow indicates monomeric
Snod1.
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D. Structure of Snod1
Characterizing the structure for CPs is still in early stages of development and to
date, only one CP structure from C. fimbriata is published. Partly the reason might be
because of high hydrophobicity or strong electrostatic interactions that cause protein
aggregation and render the structure interpretation challenging. After optimizing the
expression conditions and obtaining protein as an oligomer at pH 6.0, backbone amide
groups were identified using 15N HSQC NMR spectroscopy. 15N Snod1 was prepared for
NMR studies by supplementing induction medium with 15N ammonium sulfate. The
sample was desalted and concentrated to 500 µM in potassium phosphate buffer pH 5.8.
Fig. 10 shows gel of desalted labeled Snod1.
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Fig. 10:

15

N Snod1 culture purification process. Lanes are labeled above.
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Fig. 11: 15N-HSQC of Snod1
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The 15N HSQC of Snod1 showed reasonable dispersion of peaks in both
dimensions indicative of a well folded protein. However, these peaks represent a minority
of the total expected resonances and a minority of protein in solution. Most of Snod1 is in
an aggregated state where only a few resonances were observed, evidenced from the large
clusters of peaks in the spectrum. Thus, with the low concentration of protein observable
as a “monomer” and amenable to NMR studies, meaningful studies of the solution
structure are not possible. (It is estimated to take over one month to run a single 3D
assignment experiment.)

E. Plant Functional Assays
The functionality of Snod1 was tested on three different plants, tomato (Solanum
lycopersicum), tobacco (Nicotiana tabacum) and Arabidopsis thaliana. All the plants
were grown in an Agromax growth tent as explained in materials and methods. The
tomato was found relatively easy to grow and handle and therefore used as a model for
the most part of plant assays. Arabidopsis demanded optimal environmental conditions
such as dim light for longer durations and controlled humidity and special soil (Metromix
350). However, Snod1 phytotoxicity was ultimately tested on three different plant leaves.
Snod1 was obtained in two different forms at two different pH ranges, 35 kDa at
pH above pI (which is 4.6) and 15 kDa at pH below pI in the presence of SDS. The
phytotoxic assays were carried out to see which form of Snod1 was more active and at
what concentration levels. The first assay was performed on tomato leaves with Snod1 at
two different pHs. Fig. 12-15 indicates that Snod1 is more active at pH 6.0, presumably
an oligomer. The infection was carried out with 20 µl injection volume of 300 µM Snod1
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at pH 6.0 and 20 µl injection of 540 µM Snod1 at pH 3.5. The concentration of monomer
used was purposefully higher than the oligomer form. Tomato leaves showed necrosis to
a wider area of infection with less concentrated oligomer than monomer at high
concentrations. Thus, even at an expected ratio of 100 µM trimer to 540 µM monomer
(1:5.4), the oligomer form was most active. This gave rise to a result that Snod1 is most
active as an oligomer. This result also gives rise to a reasonable conclusion that Snod1
must be acting in an oligomerized form during natural infection. Further experiments
were carried out in this higher form at 35 kDa and pH 6.0.
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Snod1 at pH 6.0:

Day 1

Day 2

Day 8

Day 11

Day 7

Fig. 12: Snod1 activity on tomato plants at pH 6.0., oligomer form, and protein
concentration was 300 µM, 20 µl injection. The white arrows shows the point of
infiltration.
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pPic9k Control Leaves at pH 6.0:

Day 1

Day 2

Day 8

Day 11

Day 7

Fig. 13: pPic9k control leaves at pH 6.0, 20 µl injection. The white arrows shows the
point of infiltration.
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Snod1 at pH 3.5:

Leaf 1
Day 5

Leaf 1
Day 10

Leaf 2
Day 5

Leaf 2
Day 10

Fig. 14: Snod1 at pH 3.5, monomeric form, at a concentration 540 µM, 20 µl injection.
The white arrows shows the point of infiltration.
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Area of leaf infection was identified as 5.1 times more for oligomer form at 100
µM concentration than the monomer at 540 µM. After observing that the oligomeric form
of Snod1 is the most active version of the protein, dilutions were performed to see the
lowest active concentration to cause necrosis. Starting with 400 µM, concentration was
decreased to 16 µM in a series of 1:5 and 1:25 dilutions. With equal volumes of injection,
Snod1 at 16 µM is still effective enough to cause a noticeable change in leaf death;
however, necrosis was limited to point of infiltration and did not spread to wide leaf
surface. The highest concentration, 400 µM caused complete leaf kill. Figs. 15-17 show
functional assays of Snod1 in tomato leaf with different dilutions.
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Dilutions of Snod1 in Tomato Leaves:

Day 5

Day 7

Day 14

Day 18

Day 9

Fig. 15: Tomato leaves necrosis timescale for 18 days. The white arrow shows the point
of infiltration. The concentration of protein was 400 µM and 20 µl injections. Necrosis
spreads from point of infection to the entire leaf surface. On the 18th day, complete leaf
kill was observed.
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Dilution 1:5 (80 µM of protein and 20 µl injection)

Day 3

Day 6

Day 8

Day 13

Day 15

Day 20

Fig. 16: 80 µM Snod1, 1:5 dilution, Snod1 showed leaf kill in 20 days but the infection
did not spread to all parts of the leaf. The white arrow shows the point of infiltration.
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Dilution 1:25 (16 µM Snod1 and 20 µl injection)

Day 1

Day 3

Day 6

Day 8

Day 13

Day 20

Fig. 17: 16 µM Snod1, 1:25 dilution. On day 20 necrosis was limited to a very small part
of the leaf, confined only to the point of infiltration. The white arrow shows the point of
infiltration.
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Area of infection decreased with decrease in protein concentration with dilutions.
Snod1 showed necrosis with 100% leaf kill in Fig. 15, to 30% in 1:5 dilution in Fig. 16
and down to 3% in 1:25 dilution in Fig. 17.

F. Detached Leaf Assay
Functionality of Snod1 was tested in leaves detached from the plant. Presumably,
since there was no transport of defense compounds from various other plant parts to the
infected area they were kept in a moist chamber with humidity control to keep them alive
during the course of the experiment. The longest duration achieved with control leaf still
alive with no trace of leaf discoloration due to environmental factors is 13 days. Fig. 18
and Fig. 19 show infection on single and multiple leaves tested with the same
concentration of 400 µM, and 20 µl injection volumes.
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Ctrl (buffer)

BcSnod1

Day 13
Fig. 18: Snod1 infection on detached leaves. Samples showed leaf kill in a total of 13
days. The injection volume was 20 µl with 400 µM Snod1.
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Control leaves

BcSnod1 infected leaves

Day 13
Fig. 19: Snod1 infection on multiple detached leaves, 400 µM protein concentration, 20
µl injection.
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With detached leaf assay, the infection did not spread to the whole of the leaf
parts and it was difficult to maintain the leaves in the moist chamber for about more than
2 weeks. The moist chamber contained water at the bottom and slabs on which the leaves
were placed with their stems immersed into the water. The maximum area of infection
was recorded at 13 days which was 5% of total leaf in Fig. 18, and the average leaf kill
was 4.3% of total leaf in Fig. 19.

G. Tobacco Leaf Assay
After testing functionality of Snod1 in tomato, the assay was performed on
tobacco leaves to see if Snod1 shows the same kind of phytotoxic effects. Tobacco leaves
are much larger than tomato leaves and so the injection volumes are increased 5-fold
during infiltration. A total of three samples with two different controls were used. The
two controls were buffer and Ubiquitin. Ubiquitin control was used as a reference protein
to see if it can cause any sort of necrotic activity apart from Snod1. This control was just
used once in tobacco leaf infiltration to test whether a buffer solution with any kind of
protein at high concentrations can cause an effect. The assay was performed with 100 µl
injection of 260 µM Snod1, 175 µl injection of 3.1 mM Ubiquitin and 120 µl injection of
buffer only control. The injection volumes were different because of infiltration issues
due to relatively larger leaf size. However, both the control leaves injection volumes were
greater than the Snod1. Snod1 was injected at three different points (total 100 µl), each
point of infiltration consisting about 30-35 µl of protein, whereas the controls were
injected at a single point. Fig. 20 shows tobacco leaf infiltration assay. As a result, only
Snod1 injected leaves showed necrosis at all three points of infiltration, whereas control
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leaves showed no trace of necrosis. Ubiquitin with such high concentration did not even
show discoloration of leaf infiltrated. The greater injection volume of Ubiquitin with a
higher concentration than Snod1 showed that necrosis is solely due to phytotoxic nature
of Snod1, and not just any protein effect on the leaf. This concluded that Snod1 possesses
a certain functional phytotoxic property that is unique to its kind and highly toxic to
plants. However, with tobacco leaf, the infection did not spread to the whole leaf and
limited to the surrounding areas of infiltration. This may be because of several factors
such as the strength of the plant, the size of the leaf or may be other plant internal
features. The total area of infection on three different infiltration points accounted up to
10% of total leaf surface.
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Snod1 Day 4

Snod1 Day 7

Ubq. ctrl. Day 4

Ubq. ctrl. Day 7

Buffer ctrl. Day 4

Buffer ctrl. Day 7

Fig. 20: Snod1 infection with Ubiquitin and buffer controls. Leaves were infected with
3.1 mM Ubiquitin, 175 µl injection; 260 µM Snod1, 100 µl injection and buffer (20 mM
potassium phosphate, pH 6.0); 120 µl injection.
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H. Purification of Snod1 with High Performance Liquid Chromatography
Concentrations of Snod1 in the sample were tried to enhance by increasing the
purity levels to >95% using reverse phase HPLC. The culture supernatant was
concentrated down to less than 5 ml and was loaded onto C4 column. Snod1 was not
amenable to HPLC procedure. The protein eluted at >90% solvent conditions and after
the gradient. Most of the protein precipitated during solvent evaporation. The final yield
was 1.2% of desalting yields (from same culture volume). Fig. 21 shows HPLC
chromatographs of Snod and pPic9k controls aligned together.

47

Snod1 peak

Fig. 21: HPLC column trace of Snod1 and pPic9k control. The blue curve represents
pPic9k control, the red curve Snod1, and the green curve shows the acetonitrile gradient.
Snod1 can be seen eluting after the gradient as indicated above.
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I. Purification of Snod1 with SP Sepharose Cation Exchange Chromatography
Since HPLC did not prove effective for Snod1 purification, an S column was
developed with preswollen SP Sepharose. The method was carried out with gravity flow
using NaCl gradient elution. The procedure was developed based on previous work
regarding purification of extracellular proteins expressed in P. pastoris [25]. The sample
was dialyzed against S column equilibration buffer of 20 mM Sodium citrate, pH 3.0 and
the elution was a gradient from 0 mM to 500 mM salt with 20 mM Sodium citrate, pH
3.0, 0.5 M NaCl. Unlike other separation procedures where the sample was concentrated
to 5 ml, the gravity flow S column does not need very small volumes to work with since
separation is based on charge. Also, since the elution takes place in a gradient manner,
Snod1 could be better separated from rest of the culture components increasing purity of
the sample. Fig. 22 shows chromatograph of S column purified Snod1 and pPic9k
control. The yellow-green mixtures from the culture flowed past the column, separated
from the rest. The chromatographs show a clear difference of only Snod1 peak in the
sample which lacks in the background control. Plant functional assays were performed to
test if Snod1 eluent retained activity. Fig. 23 and 25 shows tomato leaf assay of Snod1
purified from the S column. The injection volume is 20 µl and sample concentration is
460 µM. The infection spread to the entire leaf (100% kill) and the death was observed in
a total of 15 days as before.
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Fig. 22: S column trace of Snod1 and pPic9k control. The top panel shows
chromatograph for Snod1 and the bottom one shows pPic9k control. Both traces are
labelled. They show a clear difference of Snod1 peak absent in control with all the
remaining peaks the same.
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J. Tomato Leaves Infection with Snod1 from S Column
Snod1

Day 8

Day 9

Day 10

Day 11

Day 12

Day 15

Fig. 23: Tomato leaves infected with Snod1 from S column. Protein concentration was
460 µM and injection volume was 20 µl. In a total of 15 days, leaf showed complete kill.
Tomato plants during this assay were maintained at low intensity lights that favor growth
of Arabidopsis. However, this delayed the onset of necrosis by Snod1. At day 10, plants
were shifted back to high intensity light under which tomato plants were grown, and they
started to discolor from day 11. The total leaf was dead in 15 days. Tomato plants that
were grown at high intensity light showed early necrosis when infiltrated under same
light, but showed slow effect at low intensity lights.
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pPic9k ctrl

Day 8

Day 9

Day 11

Day 15

Day 10

Fig. 24: Tomato leaves infected with pPic9k from the S column. In the same duration as
of Snod1 leaves, control pPic9k showed no trace of necrosis.
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K. Snod1 on Arabidopsis thaliana
Proceeding further into investigating mechanisms of eradicating infection due to
Snod1, the project aims at developing transgenic plant that resists this phytotoxic protein
activity. Based on the research on a certain ceratoplatanin MgSm1 from Magnaporthe
grisea, a strategy was developed to design, construct and mediate its transformation into
Arabidopsis. For this purpose, Snod1 was first tested on Arabidopsis at a concentration
level of 460 µM and 20 µl injection volume to see necrosis. The leaf started to die from
day 2 after infection and continued to deteriorate. Fig. 25 shows the Snod1 effect on
Arabidopsis leaf. On the other hand, pPic9k control showed no sign of leaf discoloration
or necrosis. Area of infection was approximately 80% of total leaf area on day 7.
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A)

Snod1

Day 1
B)

Day 2

Day 4

Day 2

Day 4

Day 7

pPic9k control

Day 1

Day 7

Fig. 25: Arabidopsis leaves with Snod1 and pPic9k controls. The Snod1 infected leaf
shows necrosis from day 2. Protein concentration was 460 µM and injection volume was
about 20 µl.
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L. Transgenic Plasmid Construct
The construct was designed based on previous work on a CP [22]. Since Snod1 is
virulent, pINDEX3 binary vector with an inducible promoter system for low-level and
controlled expression inside the plant was used. pINDEX3 is an Agrobacterium
compatible binary vector with hygromycin resistance marker, multiple cloning site
(MCS), and a GVG marker that drives the inducible expression of the protein of interest.
The gene of interest is driven by a CaMV35S minimal promoter that is dexamethasone
(DEX)-inducible and acts only in the presence of GVG protein [26]. Fig. 27 shows
pINDEX3 vector characteristics. In order to identify expression levels of Snod1 inside
the plant after induction, a FLAG tag was added on the C-terminus of Snod1. FLAG tag
was either synthesized or constructed from pFLAG-CTS vector. The sequence was then
cloned into MCS of pINDEX3 in frame using SpeI and StuI restriction sites. Fig. 26
shows strategy for cloning Snod1 into pINDEX3 vector.

55

Snod1 sequence from pPic9k
Gene amplification with primers containing restriction sites for EcoRI
(in forward primer) and SalI (in reverse primer)
The amplified fragment is digested with EcoRI and SalI restriction
enzymes and run in Agarose gel electrophoresis
pFLAG-CTS vector is bought from Sigma Aldrich, the vector is
digested with EcoRI and SalI enzymes
The gel extracted sample is cloned in frame to pFLAG-CTS in such a
way that FLAG tag is at C-terminus of Snod1, yielding pFLAGSnod1
The pFLAG-Snod1 is amplified with primers containing restriction
sites for SpeI (in forward primer) and StuI (in reverse primer)
The amplified fragment is digested with SpeI and StuI enzymes and
run in Agarose gel electrophoresis
pINDEX3 vector is bought from Outwerk, et al., and digested with
SpeI and StuI restriction enzymes
The gel extracted sample is cloned in between SpeI and StuI sites of
DEX-inducible pINDEX3 vector, yielding pINDEX3-Snod1-FLAG
Agrobacterium transformation of pINDEX3 vector into A. thaliana
Fig. 26: Strategy for development of transgenic construct pINDEX3-Snod1-FLAG for
transformation into A. thaliana
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MCS

Inducible part
Binary vector backbone
Fig. 27: pINDEX3 vector backbone, modified from [26]. The binary vector contains TDNA left and right border sequences with enclosed regulatory regions (KmR resistance
marker, pBR322, bom site) followed by several other sequences between the borders
repeats. The inducible part is written separately in linearity starting with GVG gene that
is flanked by constitutive CAMV35 promoter and TE9 terminator sequences. The
multiple cloning site (MCS) is followed after GVG gene that shows different unique
restriction sites for inserting foreign gene. It is driven with inducible promoter
CAMV35S, and terminator T3A. 4UAS is the sequence upstream of promoter that has
GVG binding site.
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With the addition of dexamethasone (DEX), GVG protein binds to 4UAS that
causes transcriptional activation of inducible promoter CAMV35S and drives the
expression of foreign gene (Snod1). The expression can also be regulated by the amount
of DEX addition. Since Snod1 is virulent, low levels of DEX are advised for low level
expression in order to study effects on plants morphology and physiology. Once certain
concentration levels of Snod1 inside the plant are tested, exogenous infection of the
transgenic plant with addition of Snod1 at significant concentration levels are be tested
for quantifying disease resistance.
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CHAPTER IV

SUMMARY

B. cinerea Snod1 was recombinantly produced in P. pastoris. During the process
of expression, Snod1 exhibited one of its CP type characteristics, assembling into higher
order oligomer forms. SDS-PAGE analysis showed the presence of the protein band at a
size that appeared greater than monomeric Snod1 (35 kDa).
Snod1 production in monomer form was tried by changing cell density and pH.
After careful maintenance of cultures for 10 days during induction period, Snod1
remained oligomer in solution. pH studies indicated that protein exists in two different
forms at pHs below and above pI. Snod1 is SDS resistant and aggregate in solution, but
the combined effect of SDS and heat denaturation gives a monomer in SDS-PAGE. The
protein monomer nature is lost after pH above pI which gave rise to speculation that
protein aggregation is pH dependent and there must be some electrostatic interactions
taking place at net negative charge of protein. Apart from oligomer property issues, the
culture did not secrete any other proteins of significant quantities into the supernatant.
The cultures did produce a characteristic yellow-green color supernatant which indicated
the presence of several other molecules than Snod1, but of a low molecular weight origin
[25]. Desalting with Sephadex G25M proved efficient enough in separating small
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molecules and enhanced concentrations of Snod1 in the sample. The efforts to interpret
structural parameters for Snod1 were carried out with an oligomer form of protein, since
Snod1 continued to exist at 35 kDa after pH 5.0. The induction medium was
supplemented with labeled 15N ammonium sulfate for 15N HSQC. The experiment was
carried out on a 500 MHz instrument with 500 µM sample concentration, pH 5.8, at 25
⁰C for about 12 hours. Due to a very small amount of monomer in the sample at pH 5.8,
the number of peaks was not as expected to the total amino acid content of the protein
and the trace showed clusters of peaks that represent aggregated protein. As a condition
of Snod1, being an oligomer in solution, structural resolution is not feasible.
Plant functional assays were performed on a two-month old leaves of tomato,
tobacco, and Arabidopsis to test phytotoxicity of Snod1. A growth tent was employed to
grow plants in a closed environment by supplying circulated air, light, water, humidity,
soil and nutrients. Arabidopsis growth proved challenging in the same conditions as that
of tomato and tobacco plants. Special growth chambers were initially used for studying
Arabidopsis growing conditions under low intensity lights for long durations and high
humidity. The grow tent conditions were optimized to suit the requirements of
Arabidopsis and the plants were successfully grown and their seeds collected for future
experimental planting.
Plant assays were started with testing Snod1 in two different forms at two
different pHs on tomato leaves. The leaf with oligomer infection showed higher necrosis
than the monomer. This concord with the previously published data with CP from C.
fimbriata, that CPs tend to form aggregates during infection and that aggregated form is
more toxic than monomer [12]. Studies continued to work with an oligomer form of
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Snod1 and investigate the lowest concentration of protein at pH 6.0 that is capable of
causing necrosis. Serial dilutions were performed in 1:5 and 1:25, starting with the
highest concentration at 400 µM to lowest at 16 µM and a median at 80 µM. Snod1
showed necrosis at all concentrations, however, the area of infection decreased with
decreased concentration levels. With the highest concentration, the whole leaf is
destroyed, whereas with the lowest, death was limited to point of infiltration. Assays on
detached leaf were also performed to test the effect of Snod1 on a leaf which is devoid of
defense advantages from whole plant. Snod1 infection was observed earlier than that in
attached leaf, but limited to surrounding areas of point of infection without spread to
whole leaf. The detached leaf assay proved challenging in keeping the leaves alive
without any detrimental effects due to separation from the plant. Functional assays were
continued on tobacco for observing noticeable and similar changes of Snod1 infection on
different types of leaves. The tobacco leaf was not completely dead like that of tomato,
and necrosis was observed surrounding areas of infection. Ubiquitin along with control
buffer injected leaf did not show any sign of necrosis.
Efforts to increase purity levels of Snod1 in the sample were made to examine
potency and necrotic effects at 95% pure Snod1 in the sample. Reverse phase HPLC was
used for purifying Snod1 using C4 column. The procedure resulted in loss of Snod1 due
to precipitation giving out very little yield for functional assays. Based on literature
search for separating recombinant proteins from P. pastoris supernatants, SP Sepharose
cation exchange column was employed. The column was run with gravity flow and
gradient elution to separate different sample mixtures. The result showed Snod1 elute out
at the beginning of the gradient with no other impurities near its elution. The gradient
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also showed only one Snod1 peak with no other significant peaks. This gave rise to
conclusion that both desalting and S columns are in a way equally effective enough for
Snod1 purification since P. pastoris did not secrete significant quantities of endogenous
proteins that might interfere with Snod1 function.
After obtaining S column Snod1, functional assays on tomato leaf were performed
to see any increase in phytotoxicity due to the enhanced purification procedure. Leaf
assays were carried out with 460 µM Snod1 from SP Sepharose for 15 days. Leaf
completely showed necrosis at the end of 15th day, which is not significantly different
from 18th day kill with 400 µM concentration from desalted sample.
The vector construct for Snod1 transformation into Arabdidopsis is designed with
reference to MgSm1 [22]. The published report indicates that Agrobacterium-mediated
transient expression of MgSm1 in Arabidopsis caused hypersensitive response and
conferred disease resistance in the upper leaves of the plant to Botrytis cinerea and
Pseudomonas syringae pv. tomato. Research also indicates that inducible controlled
levels of expression of virulent gene inside the plant keeps it in its normal physiology and
induces expression of defense genes thus conferring resistance to respective fungal
invasions. Based on that idea, a strategy was developed to design vector construct of
Snod1 for Agrobacterium transformation into Arabidopsis. The vector to be used was
pINDEX3 with inducible minimal CaMV35S promoter in the presence of inducible
transcriptional activator developed by Ouwerkerk et. al. [26]. The transformed plants are
expected to express Snod1 that may desensitize infection from B. cinerea. This may
prove very effective approach for preventing fungal loss to a large population of plants.
Arabidopsis leaves were tested for Snod1 necrotic effect. Arabidopsis was grown and
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about two-month old leaves were infected with Snod1 to see the effect of the plant to
pathogen invasion. The leaves showed effect in 2 days and continued to die. The assay
was performed with pPic9k control which showed no effect during the time scale of
infection (7 days).
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CHAPTER V

CONCLUSION

Botrytis cinerea is a necrotrophic fungus known to cause rot in a wide variety of
plant species. Its virulence factor BcSnod1 belongs to the phytopathogenic family of
proteins called ceratoplatanins [10]. Snod1 is a moderately hydrophobic protein with 4
cysteine residues that are conserved throughout the family. CPs from different species
that belong to Ascomycota phylogeny were shown to cause hypersensitive response and
induce plant defense systems causing phytochemical/phytoalexin synthesis in host plants
[27]. The most widely studied protein was cerato-platanin, the founder member of CPs
from C. fimbriata infecting plane leaves (P. acerifolia). It was observed that CP induces
cell death in tobacco leaves, causes pathogen stress responses in host and
transcriptionally activate defense genes [13]. Research on Snod1, by a different group
revealed phytoalexin synthesis and host responses upon infection [28].
Snod1 was cultured in P. pastoris yeast expression system for its production in
significant quantities for structural and functional assays. The protein, after optimized
expression and purification, was not predominantly monomeric in solution. This higher
order form is not amenable to structure determination and not enough of the monomer
was present for NMR study. However, Snod1 showed tremendous necrotic effect on
tomato, tobacco and Arabidopsis plants in a dose dependent manner. The higher
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aggregated oligomeric form is more toxic than a monomer. With increasing
concentrations, necrosis was found to travel from the point of infection to a large surface
of the leaf. At lower concentrations, necrosis was limited to the surrounding parts of the
point of infection. Snod1 effect on detached leaves showed faster response but limited to
surrounding areas of infection.
The mode of infection of Snod1, as could be speculated from the published
literature with other CPs, is possible to happen in similar ways. Plants have defense lines
that participate in recognition of pattern associated molecular patterns (PAMPs) caused
by pathogens. The first line of defense is called pattern triggered immunity or pathogen
triggered immunity (PTI), that restricts pathogen to the site of infection [19]. The second
line of defense is called effector triggered immunity (ETI) which gets induced when
pathogen overcomes PTI and spreads the infection to other plant parts. This response
generated by pathogen is called hypersensitive response (HR) which triggers a series of
events and results in programmed cell death in plants [27]. Research on Snod1 showed
CPs from B. cinerea are capable of inducing HR and autofluorescence in plants with the
production of hydrogen peroxide and superoxide anion [28], and the expression of
defense genes and regulators that develop systemic acquired resistance [27]. The pathway
of programmed cell death is understood as a result of series of events that occur during
counter action of pathogen and defense forces finally resulting in tissue damage,
cytoplasm shrinkage and electrolyte leakage [28]. The peptide motifs derived from Snod1
showed necrosis in individual plant leaves signifying the most active part of protein
fragment and that the motif is recognized by plant plasma membrane receptors via PAMP
pathway and trigger PTI response that lead to a cascade of events causing HR and
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necrosis. Recent investigations using GFP tagged Snod1 showed labeling on plasma
membrane upon incubation with protein indicating it as a start point of receptor
recognition [29].
Development of transgenics is underway for Snod1. Considering the fact that
Botrytis is capable of infecting a wide range of plants, and taking into account the wide
economic input from various countries across the globe to eradicate this fungal pathogen,
one of the ultimate aims of this project is to develop a transgenic trait that resists Snod1
infection. After understanding statistically significant loss due to B. cinerea infection, the
losses that all the CPs as a whole contribute would be beyond imagination and reckoning.
Transgenic development is still in its early stages for CPs and so far only one protein,
MgSm1 from M. grisea is transgenically produced [22]. Not to forget, even structural
characterization was successfully solved so far only for one CP from C. fimbriata, which
took almost a decade [15]. If successful, the current strategy could be utilized to reduce
crop loss for susceptible agricultural hosts.
The current findings introduce a new protein from CP family that is necrotrophic
to crop plants. It is being tested on three different species - tomato, tobacco and
Arabidopsis. Several interesting observations were noticed during Snod1 expression and
purification. Regulation at different pHs using different buffer conditions caused protein
to stay monomer in solution and test its functionality. Snod1 proved phytotoxic at a wide
range from pH 3.5 to about pH 6.5. The research proved challenging in studying a protein
that has the property of aggregating with no information known on type or pattern of
aggregation. However, a CP from different fungus C. fimbriata was shown to selfassemble in the form of amyloid-like aggregates, and another research with atomic force
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microscopy suggest aggregation mechanism in the form of large macrofibrillar
assemblies. It is therefore, possible in future to study the macro molecular complex
assembly of Snod1 and research more properties and enhanced toxic effects due to
aggregation in detail. The research paves way for further study of a necrotrophic Snod1
and for development of transgenic plants that are resistant to B. cinerea infection.
Further research can work on identifying binding partners, quantifying
phytolaexin response and determining level of resistance in transgenic plants. Plant
binding partner experiments can be done in several ways using incubation of plant
materials in Snod1 (column chromatography) and analyzing the unbound and bound plant
material using gel electrophoresis (SDS-PAGE, silver staining and 2D gel). Individual
phytoalexins quantification could be carried out using fluorescent assays by collecting the
droplets of Snod1 after infecting the leaves for a certain time period for identifying
accumulated phytoalexins. The sample drops are run through HPLC with a standard for
identification of respective phytoalexin peaks [30]. The approach for transgenic plant
development could be done via various means of which Agrobacterium mediated gene
transfer is the most successful one. The gene of interest is cloned into T-DNA binary
vectors containing T-region, exogenous gene of interest, and additional antibiotic
resistance markers. The resulting plasmid is transformed into Agrobacterium and positive
clones are selected for resistance markers. The gene of interest integrates into plant
genome along with T-strand via the machinery of Agrobacterium binary vectors and Ti
plasmids Vir genes. Once the gene is introduced, its expression is controlled by inducible
promoter for controlled expression levels. After virulent Snod1 expression inside the
plant cells effects are observed such as hypersensitive response, expression of defense
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regulated genes and production of phytoalexins, degree of resistance of transgenic plant
for infection with B. cinerea and its phytotoxic protein Snod1 could be tested. In
summary, the expression, purification and functional characterization of a new CP
member, Snod1 from B. cinerea will allow for further studies of this important every
family of fungal virulence factors.
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